ϩ regulation in the cochlear duct is the endocochlear potential (EP), ϳ80 mV, the "battery" that runs hair-cell transduction; however, the detailed molecular mechanisms for the generation of the EP remain unclear. We provide strong evidence indicating that the intermediate cells (ICs) of the stria vascularis (StV) express outward K ϩ current that rectifies inwardly at positive potentials. The channel belongs to the ether-a-go-go-related gene (erg) family of K ϩ channels. We cloned an ERG1a channel in the mouse inner ear (MERG1a). The cellular distribution of MERG1a in the cochlea displayed the highest levels of immunoreactivity in the ICs and modest reactivity in the marginal cells as well as in several extrastrial cells (e.g., hair cells). Functional expression of the StV-specific MERG1a channel reveals a current that activates at relatively negative potentials (approximately Ϫ50 mV) and shows rapid inactivation reflected as inward rectification at depolarized potentials. The current was sensitive to the methanesulfonanilide drug E-4031 (IC 50 , ϳ165 nM) and the recombinant peptide rBeKm-1 (IC 50 , ϳ16 nM), and the single-channel conductance in symmetrical K ϩ was ϳ14 pS. The site of expression of MERG1a and its functional phenotype (e.g., modulation of the current by external K ϩ ) make it one of the most likely candidates for establishing the high throughput of K ϩ ions across ICs to generate EP. In addition, the property of the channel that produces marked K ϩ extrusion in increased external K ϩ may be important in shaping the dynamics of K ϩ cycling in the inner ear.
Introduction
A cadre of K ϩ channels, pumps, and transporters confer K ϩ cycling in the cochlear duct. The ensuing high throughput of K ϩ across sensory and nonsensory cells generates the endocochlear potential (EP) (ϳ80 mV), which boosts the receptor potential of hair cells to sculpt its acute sensitivity (Russell et al., 1989; Hudspeth, 1992; Wangemann, 2002) . The prevalent hypothesis suggests that EP is generated in part by the high throughput of K ϩ across the membrane of intermediate cells (ICs) and basal cells (BCs) of the stria vascularis (StV) and the uptake of K ϩ from the interstrial space (IS) in the cochlear lateral wall (Salt et al., 1987; Carlisle et al., 1990) . Because the inward rectifier, Kir4.1, is the main channel that has been identified in ICs, and because Ba 2ϩ , a blocker of inward rectifier currents, reduces the EP (Hibino et al., 1997; Takeuchi et al., 2000) , and finally because null deletion of the channel results in deafness, it has been inferred that Kir4.1 produces the outward K ϩ flux necessary for the EP (Marcus et al., 2002) . Kir4.1 may also facilitate a steep K ϩ gradient between the ICs and the IS (Nie et al., 2005) . Since the membrane potential of ICs is several millivolts positive to the reversal potential of K ϩ (Takeuchi et al., 2000) , it is unlikely that Kir4.1 alone controls the resting potential. The implications of these findings suggest that other K ϩ channels may also confer the extrusion of K ϩ across the IC membranes. Indeed, voltage-clamp recordings of ICs reveal clues about the presence of outward currents that show rectification at depolarized step voltages (Takeuchi et al., 2000) .
The human ether-a-go-go-related gene (HERG) was cloned by homology to the Drosophila K ϩ channel, ERG (Warmke and Ganetzky, 1994) . It encodes a K ϩ channel that mediates the cardiac repolarizing current I Kr . Mouse ERG1 (MERG1a) is homologous to the full-length HERG1 (London et al., 1997) . Although MERG1a is expressed in the heart and brain, MERG1b has been found only in the heart (London et al., 1997) . Additional members of the ERG family are expressed exclusively in the nervous system (Shi et al., 1997) . Moreover, HERG1 coimmunoprecipitates with MinK, encoded by KCNE1 and MinK-related protein 1 (MiRP1) (McDonald et al., 1997; Abbott et al., 1999) , and the association of MinK to HERG increases the current amplitude (Yang et al., 1995) . The interaction of the K ϩ channel, KCNQ1, with HERG has also been shown in vitro and in vivo, suggesting that these channels are gleaned to form a delayed rectifier system in native cells (Ehrlich et al., 2004) . Thus, an ensemble of several pore-forming ␣-subunits and auxiliary subunits may confer native K ϩ currents. In the inner ear, the expression of MinK and KCNQ1 in mar-ginal cells (MCs) of the StV has been demonstrated, and null deletion of either protein abolishes the EP (Vetter et al., 1996; Casimiro et al., 2004) . Moreover, the role of HERG in the K ϩ channel ensemble in the inner ear is unknown. We have identified MERG1a in the cochlear duct and vestibule with electrophysiology, reverse transcription (RT)-PCR, immunohistochemistry, and immunoelectron microscopy approaches. The cell-specific expression and properties of the channel suggest that MERG1a is poised to contribute to K ϩ regulation in the inner ear.
Materials and Methods

Molecular identification and cloning of MERG1a in the mouse inner ear
Total RNA was extracted from microdissected mouse StV and organ of Corti (OC) tissue with an RNeasy Mini Kit (Qiagen, Hilden, Germany) and reverse transcribed to cDNA with SuperScript III reverse transcriptase according to the manufacturer's instructions (Invitrogen, San Diego, CA). RT-PCR was performed to investigate the expression of MERG1 in the inner ear with the primer pair merg-sense (merg-s; 5Ј-GGACCTCATCGTGGACATCATG-3Ј) and merg-antisense (merg-a; 5Ј-ACTCGGGCAGGGCCTTGCCCC-3Ј), which were designed from the mouse heart MERG1a sequence (GenBank accession number AF012868; amino acids 1689 -3076). Then, the molecular identity of the PCR products was confirmed by sequencing. To clone the complete open reading frame of MERG1a from mouse inner ear, three RT-PCRs were performed with primer pairs based on a mouse MERG1a sequence (GenBank accession number AF012868): mergE1s, GCCACCATGCCGGT-GCGGAGGGGCCA; mergE1a, GGACAGGACCTGGGTGACCTT (position 321-1470); mergE2s, GACCCACAATGTCACCGAG; mergE2a, AGATGAAGTAGAGGGCAGTAAG (position 1430 -2680); mergE3s, GTTCAAGACCACACATGC; and mergE3a, GGATATCACTAACTGC-CTGGATCTG (position 2603-2819). PCR products were then cloned into a pCRII-TOPO vector (Invitrogen) and sequenced. The full-length MERG1a was assembled from these three overlapped PCR fragments in the pNLR vector and used for heterologous expression in mammalian [Chinese hamster ovary (CHO)] cell lines and Xenopus oocytes .
Immunohistochemistry
Sedated [Avertin (2,2,2-tribromoethanol); 300 g/gm body weight, i.p.) 129 ϫ 1/SvJ mice were transcardially perfused with 10 ml of PBS followed by 10 ml of 4% paraformaldehyde in 0.1 M phosphate buffer. The temporal bones were removed, and the cochlea was perfused via the oval and round windows. The temporal bones were then immersed in fixative for 60 min. After fixation, the cochleas were decalcified (120 mM EDTA, pH 7.0; 24 h; 23°C), dehydrated in a graded ethanol series, embedded in paraffin (Paraplast; McCormick Scientific, St. Louis, MO), and sectioned (5 m) in the mid-modiolar plane. The antibody used was a polyclonal anti-ERG1 channel antibody that reacts with highly conserved residues 11145-1159 (LTSQPLHRHGSDPGS), which is identical for known mammalian ERG1 channels, in the C terminus of the protein (Pond et al., 2000) . Sections were deparaffinized, rehydrated, washed in PBS, permeabilized in 0.1% Triton X-100 for 25 min, and then incubated for 30 min in a blocking solution containing 1% bovine serum albumin and 1% goat serum. The 5 m sections were incubated with rabbit anti-ERG1 antibody (Chemicon, Temecula, CA) overnight at 4°C. The rinsed sections were then incubated (6 h; 4°C) in FITC-conjugated goat anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA). Images were captured with an Olympus (Tokyo, Japan) BH-2 immunofluorescence microscope configured with a SPOT RT-KE CCD camera and SPOT image analysis software (Diagnostic Instruments, Sterling Heights, MI). Final figures were assembled with Adobe Photoshop software (Adobe Systems, San Jose, CA).
Immunoelectron microscopy
Young-adult 129Sv mice were transcardially perfused with 4% paraformaldehyde/0.1% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. The temporal bones were isolated, and the cochlea was perfused through the round and oval windows followed by immersion in fixative 
Heterologous expression in Xenopus oocytes and mammalian cell line
For heterologous expression in oocytes, MERG1a full-length cDNA was cloned into pNLE, in which MERG1a cDNA was flanked by 5Ј and 3Ј untranslated regions of a Xenopus ␤-globin gene . MERG1a RNA was prepared in vitro with T7 RNA polymerase (Ambion, Austin, TX) from the plasmid pNLR-MERG1a and injected into stage V-VI oocytes (Calvo et al., 1994) . The full-length MERG1a cDNA was subcloned into a pIRES2-enhanced green fluorescent protein (EGFP) vector (Clontech, Cambridge, UK), which also encoded a GFP as a reporter. Plasmid DNA was isolated with Qiagen plasmid kits and transfected into CHO cells with the transfection reagent Lipofectamine 2000 (Invitrogen). Recordings were made from the transfected cells after 24 h.
Electrophysiological recordings
Recordings from ICs. To record from ICs, the lateral wall of the cochlear duct was removed from each inner ear while immersed in MEM solution (Invitrogen), pH 7.4, with 10 mM HEPES. The tissue was treated with the enzyme mixture for 15 min as described by Takeuchi et al. (1997) . The epithelium was mounted in a custom-made chamber consisting of a cell-isolation and recording compartment, and the ICs were identified (pigmented ICs). The identified ICs were moved with a blunt pipette into a collagen-coated recording compartment of the chamber. Solutions consisted of the following (in mM): 80 N-methyl-D-glucamine (NMG), 40 choline, 10 Na
, 5 glucose, and 5 HEPES, pH 7.4 (NaOH). The pipette solutions contained (in mM): 130 K-glutamic acid, 10 KCl, 10 EGTA, 10 HEPES, and 5 ATP, pH 7.2 (KOH).
Recordings from heterologous expression systems. Oocytes were voltage clamped with a two-microelectrode amplifier (Warner Instruments, Hamden, CT). Macroscopic K ϩ currents were recorded in a bath solution containing (in mM): 96 NaCl, 2 KCl, 0.5 MgCl 2 , and 5 HEPES, pH 7.6 (NaOH). For some experiments, external Na ϩ (Na ϩ e ) was replaced with K ϩ to increase the bath K ϩ concentration. To block endogenous Ca 2ϩ -activated Cl Ϫ currents in oocytes, the bath solution contained 1 mM niflumic acid (Collier et al., 1996) . The pipettes contained 3 M KCl. Oocytes expressing robust K ϩ currents were transferred onto an inverted microscope after the vitelline membrane had been peeled, and cellattached or inside-out patches were excised to record single-channel activity.
Standard patch-clamp recording techniques (Hamill et al., 1981) were used to record whole-cell and single-channel currents from CHO cells with an Axopatch 200B amplifier (Molecular Devices, Union City, CA). The same amplifier was used to record single-channel currents from Xenopus oocytes expressing robust K ϩ currents. In all experiments, the cell capacitance was calculated as the ratio of total charge (the integrated area under the current transient) to the magnitude of the pulse (20 mV). The series resistance was compensated electronically. For single-channel recording, the amplitude histogram at a given test potential was generated. Leak-subtracted current recordings were idealized with a halfheight criterion. The bath solution contained (in mM): 140 NMG, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , and 10 HEPES, pH 7.4 (methanesulfonic acid). The internal solution contained (in mM): 130 K-glutamic acid, 10 KCl, 10 EGTA, 10 HEPES, and 5 ATP, pH 7.2 (KOH). Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO). The methanesulfonanilide drug E-4031 and the recombinant peptide rBeKm-1 were purchased from Alomone Labs (Jerusalem, Israel). For single-channel recordings, patch electrodes contained (in mM): 140 KCl, 0.5 MgCl 2 , 1 CaCl 2 , 5 HEPES, and 10 D-glucose, pH 7.4 (KOH). The bath solution contained (in mM): 140 KCl, 4 NaCl, 1 CaCl 2 , 0.5 MgCl 2 , 5 HEPES, and 10 D-glucose, pH 7.4 (KOH). All experiments were performed at room temperature (22-23°C). Data are expressed as mean Ϯ SD. The Q-software was used for single-channel analysis, as described previously Yamoah, 2001, 2003; RodriguezContreras et al., 2002) . ϩ currents elicited from a holding potential of Ϫ80 mV and stepped up to 55 mV were sustained at low-activation voltages; however, at high-activation voltages, the current showed a tendency toward inward rectification. Because the current phenotype was reminiscent of ERG-channel-type currents (London et al., 1997) , we examined the sensitivity of the delayed rectifier K ϩ (I Kr ) current toward E-4031 (Fig. 1 B) . The difference current (Fig. 1C) and the summary data shown in the current-voltage curves in Figure 1 D reveal an E-4031-sensitive component, suggesting that ICs may express an ERG K ϩ channel subtype. Motivated by these findings, we cloned ERG channels from the mouse inner ear.
Results
Identification of ERG-channel currents in intermediate cells
Cloning of cochlear lateral wall MERG1a
MERG1a transcript was detected in the mouse inner ear by RT-PCR, with RNA isolated from the StV and the OC and primers specific for mouse heart MERG1a (GenBank accession number AF012868); RNA from mouse brain and heart were used as positive controls. A band with the expected size (1386 bp) was obtained from both the OC and the StV, respectively (Fig. 2) . The full-length MERG1a cDNA from mouse StV was assembled from three PCR clones (mergE1, mergE2, and mergE3; data not shown) and sequenced with overlapped primers. Sequence analysis identified MERG1a cDNA from the mouse inner ear (GenBank accession number AY374424) that was 3499 bp long, and the conserved Kozaka sequence was added to this cDNA by a specially designed primer to facilitate the expression of the channel. The deduced MERG1a protein, which is 1162 aa in length, contains the functional domains that have been described previously (Coetzee et al., 1999) , including six transmembrane domains and the putative pore-forming region. Comparison of amino acid sequences shows that this channel protein shares high homology with ERG1a proteins from other tissue types and species (London et al., 1997; Pond et al., 2000) .
Expression of MERG1a in the inner ear
To examine the expression pattern of MERG1a in the inner ear, we used immunofluorescence microscopy to detect and localize the protein in mid-modiolar sections. In the cochlear lateral wall, positive immunoreactivity for ERG was localized to the StV (Fig.  3 ) and the regions of the type II and type V fibrocytes (Figs. 3, 4) . In the OC, the outer and inner hair cells showed reactivity. The reactivity was most intense at the basal pole, particularly for the outer hair cells (Figs. 3, 4) . Finally, strong reactivity was noted in the spiral ganglion cells (Figs. 3, 4) . At higher magnification, the immunofluorescent reactivity for ERG in the StV could be localized to the region of the interdigitating processes of MCs and ICs. The location of ERG in vestibular tissue was also assessed. As shown in Figure 5 , immunofluorescent label was noted in vestibular hair cells of both the saccule and the crista ampullaris. In addition, the vestibular nerve fibers under the hair cells in both end organs were also reactive for ERG. Positive labeling was absent when tissue sections were preincubated with purified peptides (Fig. 4 E) .
The exact location of MERG1a in cells of the cochlear duct was investigated with postembedding immunogold transmission electron microscopy. Figure 6 shows cell-specific localization of gold particles in the cochlear lateral wall. The cytoplasm and the interdigitating processes of the ICs of the StV showed scattered gold label (Fig. 6 A, B) . Occasional particles were noted on the plasmalemma of MCs. Under the StV, the type II fibrocytes showed sparse labeling (Fig. 6C ). At the light microscopic level, Reactivity in the outer hair cells is most pronounced in the perinuclear region (arrow), whereas reactivity is noted throughout the cytoplasm of the inner hair cell (arrowhead). The cups of the Dieter's cells (asterisks) also appear immunofluorescent. ERG is expressed in the eighth nerve fibers under the inner hair cell (double arrows). C, E, Immunofluorescence in the spiral ligament was confined to the type II fibrocytes in the region of the spiral prominence and surrounding the root cells (asterisks) as well in the superficial layer of the type V fibrocytes (arrows) superior to the stria vascularis. D, Rosenthal's canal (double arrows) as well as the spiral ganglion cells of the modiolus are reactive for ERG. E. A cross section of a basal turn lateral wall from a mouse cochlea in which normal serum was substituted for the primary antibody lacks reactivity for ERG. OHC, Outer hair cell; SGC, spiral ganglion cell; SL, spiral limbus; SP, spiral prominence. F, Negative control.
Figure 5. Reactivity for ERG in vestibular tissue. A, B, Immunoreactivity for ERG is localized to the hair cells (arrows) and nerve fibers (asterisks) in both the crista ampullaris (A) and the macula (B). C, D,
A view of the sensory epithelium at higher magnification indicates ERG reactivity in the basal pole of the hair cells. The staining often shows a punctuate perinuclear pattern. Whether ERG is confined to the hair cell or is also present in the nerve calyx cannot be determined at the light microscopic level. E, F, Adjacent sections at the same magnification stained with hematoxylin.
the basal pole of the outer hair cells showed immunoreactivity ( Fig. 4 B) ; however, the labeling at the ultrastructural level was confined to the supranuclear area, as shown in Figure 6 D. In contrast, gold particles were noted at the base of the inner hair cell (Fig. 6 E) . The labeling noted in the radial fibers under the inner hair cell extended into the nerve fibers in Rosenthal's canal.
Macroscopic and pharmacologic properties of MERG1a in the cochlear duct
Injection of MERG1a RNA into Xenopus oocytes yielded the expression of an outward K ϩ current that activated at approximately of Ϫ50 mV, reaching a peak at ϳ10 mV and rectifying inwardly at step potentials Ͼ10 mV. Figure 7 , A and B, shows that although uninjected oocytes did not express any appreciable outward current, oocytes injected with MERG1a channel RNA expressed macroscopic outward K ϩ currents. The average maximum current recorded at a step voltage of 0 mV was 2.2 Ϯ 0.3 A (n ϭ 19). The tiny current recorded from uninjected oocytes is most likely a leak current because it reverses at ϳ0 mV (Fig.  7C) . Detailed analyses of the kinetics of HERG1a currents have demonstrated that the apparent inward rectification of the current at positive potentials reflects the rapid onset of inactivation (Trudeau et al., 1995; Spector et al., 1996) . The inactivation of the channel apparently develops faster than activation at depolarized voltage steps (Spector et al., 1996) . Thus, the optimum operating voltage ranges of the channel as an outward current lie within approximately Ϫ50 to 10 mV. Tail current traces recorded from 10 oocytes were used to determine the steady-state activation curve (Fig. 7D ). This curve was fitted with a Boltzmann function with a V 1/2 (Ϫ47.4 Ϯ 1.4 mV; n ϭ 10) value and slope factor (10.6 Ϯ 1.3 mV) that were similar to those reported for HERG currents and delayed rectifier K ϩ currents (Shibasaki, 1987; Sanguinetti and Jurkiewicz, 1990; Faravelli et al., 1996; Arcangeli et al., 1997) .
Consistent with a MERG1a channel, the current was sensitive to E-4031 (Jurkiewicz and Sanguinetti, 1993; Smith et al., 1996) . Application of 10 M E-4031 completely blocked the outward K ϩ current (peak current at a step potential of 10 mV after application of 10 M E-4031 was 0.004 Ϯ 0.003 A; n ϭ 7). The effect of 100 nM E-4031 on inner ear MERG1a channels expressed in oocytes is shown in Figure  8 A. The currents were also sensitive to rBeKm-1, a known potent blocker of ERG1 channels (Korolkova et al., 2001) (Fig. 8 B) . The IC 50 obtained for E-4031 was ϳ165 nM (Fig. 8C) , whereas the IC 50 for rBeKm-1 was ϳ16 nM (Fig. 8 D) .
One of the characteristic properties of I Kr that has been ascribed to ERG current is its modulation by external K ϩ concentrations ([K ϩ ] e ) (Sanguinetti and Jurkiewicz, 1992) . In contrast to other K ϩ currents, in which increased [K ϩ ] e results in a reduction in the electrochemical driving force and a decrease in the current magnitude, MERG1a current was enhanced by [K ϩ ] e (Fig. 9A-C) . The decay of the current was reduced as the Na ϩ e was replaced with K ϩ . This is in keeping with reports that have demonstrated that the inactivation of ERG channel currents is mediated in part by blockage of Na ϩ e (Numaguchi et al., 2000; Mullins et al., 2002) . The relationship between [K ϩ ] e and MERG1a current measured at different step potentials is shown in Figure 9D . This anomalous feature of MERG1a cur- , C) , 90 -95% of the specific label is adjacent to or near the plasmalemma, and, in a few instances, several gold particles are clumped together and it is impossible to determine which cell type they localize. B, In the spiral ligament, labeling was found on the type II fibrocytes in the region in which their amplified processes were interspersed with the upper root cells. D, The area immediately above the nucleus of the outer hair cell showed some gold particles. E, In the inner hair cell, however, gold label was observed at the base of the hair cell and in the cytosol of afferent fibers. A, Afferent nerve; E, efferent nerve. G, Gold particles were also found in nerve fibers in Rosenthal's canal. F, However, no particles were observed in the cytosol or plasmalemma of the basal cells of the stria vascularis. The nuclear location of gold particles may be nonspecific binding associated with the colloidal gold technique (Smith and Jarett, 1993) . RC, Root cell; II, type II fibrocytes. rent raises the physiological importance of the channel as a predominant factor in the net K ϩ current under conditions of in-
Microscopic properties of MERG1a in the cochlear duct
Single-channel recordings were obtained from CHO cells transfected with MERG1a by using GFP as a reporter gene. To estimate the values of the voltage steps in the cell-attached configurations, cells were bathed in solutions containing high K ϩ to clamp the membrane potential at ϳ0 mV. As shown in Figure 10 A, the resulting single-channel fluctuations in symmetrical bath and patch-pipette K ϩ -containing solution exhibited inward current fluctuations at test potentials negative to the apparent reversal potential at ϳ0 mV. An example of the amplitude histograms used to determine the unitary current amplitude is shown in Figure 10 B. The estimated single-channel conductance from the regression line of the current-voltage relationship in Figure 10C was 14.3 Ϯ 2.8 pS (n ϭ 6).
Discussion
Inner ear hair cells are designed and placed in a milieu that allows them to respond to mechanical displacements as minute as ϳ1 nm (Russell et al., 1989 ). An attribute of hair-cell sensitivity is derived partly from the EP. Because of the EP, a robust direct current potential of ϳ140 mV [approximately 60 mV (the resting membrane potential of hair cells) plus ϳ80 mV EP] generates a standing current, which is the basis for the mechanoelectrical "battery theory" of cochlear transduction (Von Bekesy, 1950) . The EP is generated by the high K ϩ throughput across the IC membrane (Salt et al., 1987) , leading to the exceptionally high K
in the endolymph (ϳ150 mM). Although there is a substantial outward component of Kir4.1 channel currents in the ICs (Takeuchi et al., 2000; Nie et al., 2005) , the predicted potential sensed by the protein or any other K ϩ channel (approximately Ϫ100 mV) (Takeuchi et al., 2000) will produce a resulting inward current, which underpins the need for a refinement of the prevailing model for the generation of the EP. Clearly, the sustained outflow from the ICs and the uptake from the IS are essential for the generation and maintenance of the EP. Moreover, several landmark reports have shown that K ϩ exits the StV through the apical membrane of MCs via K ϩ channels, driven by the apical membrane potential, which is at least 10 mV more positive than EP (Salt et al., 1987; Vetter et al., 1996; Wangemann, 2002; Casimiro et al., 2004) . In contrast, Cl Ϫ ions are removed from MCs via the basolateral membrane Cl Ϫ channels, ClC-K1 and ClC-K2 (Oshima et al., 1997; Sage and Marcus, Figure 7 . Expression of inner ear-specific MERG1a in Xenopus oocytes. Outward K ϩ currents from Xenopus oocytes were injected with mRNA of StV-specific MERG1a channel. The recordings were obtained from a holding potential of Ϫ80 mV to step potentials ranging from Ϫ70 to ϩ60 mV (⌬V ϭ 10 mV). A, Uninjected oocytes had no current. B, MERG1a-injected oocytes yielded robust currents. C, Summary data of the current-voltage relationships from 19 oocytes. D, Outward tail currents were elicited from different step potentials to Ϫ40 mV. The activation curve was obtained by plotting the normalized tail current (I/I max ) at each test potential and then fitted by the Boltzmann equation
, where V 1/2 is the half-activation voltage and k m is the maximum slope. The estimated V 1/2 and k m from the activation curve were Ϫ47.4 Ϯ 1.4 and 10.6 Ϯ 1.3 mV (n ϭ 10), respectively. 2001). The [K ϩ ] in the endolymphatic space and EP maintenance depend on several dynamic processes and the structure of the cochlear duct: (1) the active secretion of K ϩ ions from the StV, (2) K ϩ extrusion from the endolymph through transduction channels of hair and spiral ligament cells (Schulte and Schmiedt, 1992; Spicer and Schulte, 1998) , and (3) the tight junctions between cells in the StV (Jahnke, 1980) and the ensuing impedance. Thus, K ϩ cycling in the cochlear duct maintains the high throughput of K ϩ across BC-IC membranes, which confers the EP (Salt et al., 1987) . This process is essential for normal cochlear function because it prevents K ϩ accumulation in the perilymph of hair cells and curtails untoward membrane depolarization.
Thus far, the K ϩ channels that establish the K ϩ flux across IC membranes remain uncertain. Although it is thought that a key channel involved in the outward K ϩ movement across the IC membrane is the Kir4.1 channel (Takeuchi et al., 2000; Marcus et al., 2002) , this circumstantial evidence presents a biophysical paradox: Kir4.1 is an inwardly rectifying K ϩ channel (Hille, 2001 ). Indeed, a recent report suggests that Kir4.1 in the inner ear may operate to control the resting membrane potential of ICs and perhaps reduce the [K ϩ ] in the IS of the StV . Consequently, the identity of the K ϩ channels that confer EP across ICs should be sought.
To our knowledge, this study constitutes the first report on the functional and molecular identification of MERG1a and its specific localization in the StV and extrastrial cells in the inner ear, and it determines the biophysical and pharmacologic features of the channel. First cloned from the cDNA library of the hippocampus by homology to ether-a-go-go, a Drosophila K ϩ channel gene (Warmke and Ganetzky, 1994) , the channel has been identified in several tissues, including neurons (Emmi et al., 2000; Gullo et al., 2003) and muscle (Shoeb et al., 2003) ; however, only the high expression of the HERG protein in cardiac myocytes and the significant role of the channel current in the plateau phase of the cardiac action potential have been studied exhaustively . The importance of HERG protein in cardiac function is underpinned by the fact that mutations in the channel, as well as drugs blocking the current, result in long QT syndrome Vandenberg et al., 2001) .
MERG1a in the inner ear is a 1162 aa protein with six transmembrane domains and a Glu-Phe-Glu signature sequence in the P-loop that defines K ϩ channels (Tinker et al., 1996) . The amino acid sequence of the inner ear MERG1a bears a striking resemblance to ERG1a channel in mouse heart (99%), rabbit heart (95%), rat heart (98%), and human heart (95%) (London et al., 1997; Pond et al., 2000) , suggesting that the properties of the current, of at least the ␣-subunit, may have a similar biophysical and pharmacologic phenotype. The current derived from the ␣-subunit expressed in heterologous expression systems is consistent with the I Kr component of delayed rectifier K ϩ currents (Sanguinetti and Jurkiewicz, 1990; Abbott et al., 1999) ; however, some reports indicate that the ␣-subunit alone may not suffice to recapitulate the native I Kr phenotype (Sanguinetti et al., 1995) . MiRP1, encoded by KCNE2, has been shown to coassemble with the HERG subunit to confer the features of I Kr , and mutations in KCNE2 have been linked to long QT syndrome (Abbott et al., 1999; Zhang et al., 2001; Weerapura et al., 2002) .
The channel is abundantly expressed in ICs, raising the possibility that MERG1a may serve a specific role in the StV. The location of ERG channel in the plasmalemma of the IC ensures a high K ϩ flux from ICs into the IS. This may result in a steep K ϩ gradient, the maintenance of which requires a sustained current. Although the sharp concentration difference between ICs and the IS may be facilitated by K ϩ uptake mechanisms by Na-K pumps and Na-K-Cl cotransporters (NKCC1) in the basolateral membrane of MCs (Flagella et al., 1999) , the activation and inactivation properties of MERG1a should be poised to regulate K ϩ extrusion from ICs and [K ϩ ] in the IS. The positive slope conductance at approximately Ϫ50 to 10 mV and the negative slope conductance at potentials positive to 10 mV is a property critical for limiting outward K ϩ flux to establish the gradient required to establish EP.
MERG1a in ICs and hair cells may be even more important in K ϩ extrusion. Because of the tight junctions among MCs, BCs, and endothelial cells in the StV (Jahnke, 1980) and presumably the high K ϩ flux across ICs, the IS constitutes a separate fluid compartment with ϳ13 mM K ϩ (Salt and Thalmann, 1988) (but see Takeuchi et al., 2000) . For a classic K ϩ channel, the electrochemical driving force for outward K ϩ flux from ICs is expected to decrease by ϳ30 mV. Because elevation of external K ϩ causes an increase in outward MERG1a current (Fig. 9) , the physiological implication of this paradoxical phenotype of the channel could be vast in the StV. MERG1a current should be the predominant outward K ϩ current in ICs, but the data cannot rule out the possibility that MERG1a may be expressed in MCs as well. Functionally, however, we argue that MERG1a may play a restricted role in K ϩ extrusion in MCs, because the channel shows strong inward rectification at potentials positive to ϳ10 mV (Fig. 7C) . Because the membrane potential sensed by the channels at the apical membrane of MCs is ϳ10 mV [the membrane potential of MCs with respect to ground is approximately ϩ90 mV (Salt et al., 1987) ], MERG1a may not produce a strong outward current in MCs. Rather, MERG1 may play an essential role in the extrusion of K ϩ in ICs of the StV. Moreover, during prolonged stimulation of hair cells and/or ischemic conditions, K ϩ may accumulate in the intercellular space (Kharkovets et al., 2000) . These conditions of elevated external K ϩ concentrations would be expected to increase the contribution of MERG1a current to the repolarization of hair cells. It has been suggested that a low-voltageactivated K ϩ conductance, g K,L , in vestibular hair cells may have pharmacologic properties that are consistent with ERG channels (Wong et al., 2004) . The expression of MERG1a, a channel with a distinct K ϩ -conducting behavior (Fig. 9) , in calyx afferent endings may be even more important, given that the synaptic cleft is prone to increased K ϩ accumulation during enhanced excitability (Goldberg, 1996; Wong et al., 2004) ; however, the expression and functional import of MERG1 in the sensory epithelium of the vestibule require further studies.
The expression of ERG in type II and type V fibrocytes of the spiral ligament is consistent with the concept that K ϩ , which leaks from the scala media, is actively recycled from the OC, scala vestibuli, and tympani by the lateral wall fibrocytes. The presence of ERG channels could complement the activities of the Na-K pump and the Na-K-Cl cotransporter, which are present in type II and type V fibrocytes (Schulte and Schmiedt, 1992; Crouch et al., 1997) , in establishing a K ϩ flux toward StV BCs through the type I fibrocytes.
